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(54) Beam homogenizer, laser illumination apparatus and method, and semiconductor device 



(57) A beam homogenizer at least includes a first 
optical lens for dividing a light beam into N(n'-1 ) beams 
in a vertical direction, a second optical lens for dividing 
the light beam into (2n+1 ) beams in a horizontal direc- 
tion, a third optical lens for recornbining the beams that 



are divided in the vertical and horizontal directions into 
(n'-1) beams while superimposing the (n'-1) beams so 
that they are deviated from each other in the horizontal 
direction, and a fourth optical lens for recornbining the 
beams that are divided in the vertical direction. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to a technique 
capable of applying a laser beam to a large area with a 
high degree of uniformity as well as an application meth- 
od of that technique. 

BACKGROUND OF THE INVENTION 

[0002] In recent years, extensive studies have been 
made ot techniques of crystallizing an amorphous sem- 
iconductor film or improving the crystallinity of a crystal- 
line semiconductor film (i.e., a non-sing[e-crystal semi- 
conductor film that is polycrystalline. microcrystalltne or 
of like crystallinity) formed on an insulating substrate 
such as a glass substrate by subjecting it to laser an- 
nealing. Atypical example of such a semiconductor film 
Is a silicon film. 

[0003] Glass substrates are advantageous over 
quartz substrates that have widely been used conven- 
tionally in that they are inexpensive and high in worka- 
bility and can easily provide a large-area substrate. This 
is the reason why the above studied have been made. 
The reason why lasers are used favorably in crystalliza- 
tion is that glass substrates have low melting points. La- 
sers can apply high energy to only a non-single-crystal 
film without changing the temperature of a substrate to 
a large extent. 

[0004] Having high mobility, crystalline silicon films 
that are formed by laser annealing are widely used in 
monolithic liquid crystal electro-optical devices and the 
like in which pixel-driving TFTs (thin-film transistors) and 
driver circuit TFTs, for instance, are formed on a single 
glass substrate by using such a crystalline silicon film. 
Since a crystalline silicon film formed by laser annealing 
is constituted of a number of crystal grains, it is called a 
polysilicon film or a polycrystalline semiconductor film. 
[0005] A laser annealing method in which a pulse la- 
ser beam emitted from a large output power excimer la- 
ser or the like is processed by an optical system so as 
to be shaped into a several centimeters square spot or 
a linear beam of several millimeters in width and tens of 
centimeters in length and scanning is made with the 
processed laser beam (i.e., a laser beam illumination 
position is moved relative to an illumination surface) is 
favorably used because it provides high mass-produc- 
tivity and is superior from the industrial point of view. 
[0006] In particular, in contrast to the case of using a 
spot-like laser beam that requires scanning in two or- 
thogonal directions, the use of a linear laser beam can 
provide high mass-productivity because the entire illu- 
mination subject surface can be illuminated with laser 
light by scanning it with the linear laser beam oniy in the 
direction perpendicular to its length direction. The scan- 
ning is made in the direction perpendicular to the length 
direction because the scanning in such a direction is 



most efficient. Because of the high mass-productivity, 
the use of a linear laser beam is now becoming the main- 
stream in the laser annealing. 

[0007] There are several problems in the case c? per- 
5 forming laser annealing on a non-single crystal semi- 
conductor film by scanning it with a pulse laser beam 
that has been processed into a linear shape. Among 
those problems, one of the particularly serious problems 
is that laser annealing is not performed uniformly over 
10 the entire film surface. When linear laser beams started 
to be used, there occurred a marked phenomenon that 
stripes were formed at beam overlapping portions. A film 
showed much different electrical characteristics from 
one stripe to another, 
rs [0008] Fig. 1A shows how such stripes are formed. 
Stripes appear depending on the manner of light reflec- 
tion when the surface of a laser-annealed silicon film is 
observed. 

[0009] Fig. 1 A is of a case where a linear laser beam 

20 extending in the right-left direction In the paper surface 
that is emitted from a XeCI excimer laser is applied while 
scanning is made in the top-to-bottom direction in the 
paper surface. It is understood that the stripes of Fig. 
1 A originate from the manner of overlapping of shots of 

25 pulse laser beams. 

[0010] Where an active matrix liquid crystal display 
was manufactured by using a silicon film that exhibits 
stripes as shown in Fig. 1 A, there occurred a problem 
that similar stripes appeared on the screen. This prob- 

30 (em is now being soled by improving a non-single crystal 
semiconductor film as a subject of laser beam illumina- 
tion and making the linear laser beam scanning pitch 
(interval between adjacent linear laser beams) finer. 
[0011] As the above type of stripes become less con- 

35 spicuous, non -uniformity in the energy profile of a beam 
itself comes to appear. 

[0012] In general, in forming a linear laser beam, an 
original rectangular beam is processed into a linear 
shape by inputting it to a proper optical system. A rec- 

40 tangular beam having an aspect ratio of 2 to 5 is modi- 
fied into a linear beam having an aspect ratio of 100 or 
more by an optical system of Fig. 2, for instance. This 
optical system is so designed that the intrabeam energy 
profile is uniformized at the same time. 

45 [0013] The apparatus of Fig. 2 has a function of con- 
verting a laser beam emitted from an oscillator 201 (ap- 
proximately rectangular at this stage) into a linear beam 
with an optical system denoted by reference numerals 
202-204, 206, and 208 and applying the linear beam. 

50 Reference numerals 205 and 207 denote a slit and a 
mirror, respectively. 

[001 4] A cylindrical lens group (also called a multiple 
cylindrical lens) 202 has a function of dividing a beam 
into many beams. The many divided beams are com- 
55 bined by a cylindrical lens 206. 

[001 5] The above components are needed to improve 
the intrabeam intensity profile. A combination of a cylin- 
drical lens group 203 and a cylindrical lens 204 has the 
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same function as the combination of th© cylindrical ions 
group 202 and the cylindrical lens 206. 
[0016] That is, the combination of the cylindrical lens 
group 202 and the cylindrical lens 208 has a function of 
improving the intensity profile of a linear laser beam in 5 
the longitudinal direction and the combination of the cy- 
lindrical lens group 203 and the cylindrical lens 204 has 
a function of improving the intensity profile of a linear 
laser beam in the width direction. 
[001 7] An optical system having a role of uniformizing 
the intrabeam energy profile is called a beam homoge- 
nize r. The optical system of Fig. 2 is also a beam ho- 
mogenizes One method of uniformizing the energy pro- 
file is to divide an original rectangular beam, enlarging 
the divided beams, and then combining the enlarged 
beams. 

[0018] It appears that a beam that has been recon- 
structed after dividing an original beam in the above 
manner would have a higher degree of uniformity in en- 
ergy profile as the beam division is made finer. However, 
when a beam obtained in the above manner was actu- 
ally applied to a semiconductor film, stripes as shown in 
Fig. 1 B occurred in the film in spite of fine beam division. 
[0019] Like the case of Fig. 1 A, Fig. 1 B is of a case 
where a linear laser beam extending in the right-left di- 
rection in the paper su rf ace that was emitted from a XeCI 
excimer laser was applied to a silicon film while scan- 
ning was made in the top-to-bottom direction in the pa- 
per surface. However, in the case of Fig. 1 B, the scan- 
ning conditions were set properly so that no marked 
stripes as shown in Fig. 1 A appear. 
[0020] As shown in Fig. 1B, innumerable stripes are 
formed perpendicularly to the longitudinal direction of a 
linear laser beam. Stripes of this type should be formed 
due to a striped energy profile of an original rectangular 
beam or the optical system. 

[0021] To investigate whether stripes were caused by 
a striped energy profile of an original rectangular beam, 
or the optical system, the inventors conducted a simple 
experiment, in the experiment, it was studied how 
stripes varied as a rectangular laser beam was rotated 
before entering the optical system. 
[0022] No variation was observed at all. Therefore, it 
was confirmed that the optical system caused stripes 
rather than an original rectangular beam. It is concluded 
that stripes are an interference fringe of light because 
the optical system uniformizes the energy profile of a 
single-wavelength, phase-equalized beam (a laser 
beam is phase-equalized because a laser produces 
high-intensity light by equalizing the phase) by dividing 
it and combining the divided beams. 
[0023] Fig. 3 illustrates a light interference fringe 302 
in a linear laser beam 301 that is formed by the optica! 
system of Fig. 2. In Fig. 3, symbol I represents the laser 
light intensity. The interference fringe 302 is produced 
in such a manner that when beams obtained by dividing 
an original beam by the cylindrical lens groups 202 and 
203 of the optical system of Fig. 2 are combined by the 



cylindrical lenses 204 and 2C6, the divided beams inter- 
fere with each other and a stationary wave is thereby 
formed in the beam. 

[0024] That is, the reason why sharp, periodic inter- 
ference peaks are generated is that divided beams are 
superimposed one on another in the same region on an 
illumination surface. 

[0025] As shown in Fig. 3, the amplitude of waves var- 
ies periodically. In the case of the optical system of Fig. 
2, three waves are formed per one period in the longi- 
tudinal direction of a linear beam. 
[0026] The number n of waves (i.e., the number of in- 
terference peaks) per pitch and the number s of lenses 
of the cylindrical lens group 202 satisfy the following re- 
lationship: 

n = (s - 1 )/2 (s: odd number) 



n = s/2 (s: even number) 

[0027] In the optical system of Fig. 2, the number n is 
equal to 3 because the number s of lenses of the cylin- 
drical lens group 202 is 7 (odd number). 
[0028] In this case, an interference state shown in Fig. 
4A is obtained. Fig. 4A, which was obtained by a com- 
puter calculation, shows an interference state in a linear 
laser beam at a certain time point. The horizontal axis 
of Fig. 4 A corresponds to the position in the longitudinal 
direction of a linear laser beam, and the square of a val- 
ue on the vertical axis of Fig. 4A corresponds to the light 
intensity in an actual interference state. For example, 
the interference state of Fig. 4A is actually observed as 
the light intensity profile shown in Fig. 3. 
[0029] Where the number s of lenses of the cylindrical 
lens group 202 is equal to 8, an interference pattern as 
shown in Fig. 4B is obtained. 

[0030] In Figs. 4A and 4B, the square of the amplitude 
represents the strength of interference (i.e., the degree 
of an action that beams having the same phase intensify 
each other) and parameter d is defined as the pitch of 
interference peaks. 

[0031] The curves of Figs. 4A and 4B were obtained 
by a computer simulation and actual interference fringes 
of laser beams do not exhibit so clear strong and weak 
portions. This is considered due to dispersion, refrac- 
tion, and loss of light that are caused by slight deviations 
in the optical system, the materials of the components 
of the optical system, and processing errors of the opti- 
cal system, energy dispersion in a semiconductor film 
that is caused by heat conduction, and other actors. 

SUMMARY OF THE INVENTION 

[0032] An object of the present invention is to lower 
the degree of illumination unevenness of a linear laser 
beam. 
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[G033] Each aspect of ths invention will be described 
below. In the following description, N is a natural 
number, n ie an integer that is greater than or equal to 
3, and n 1 is an integer that satisfies 3sn'$n. 
[0034] According to a first aspect of the invention, s 
there is provided a beam homogenize r having a function 
of forming a sinusoidal stationary wave on an illumina- 
tion surface by dividing a laser beam and recombining 
divided laser beams. 

[0035] According to a second aspect of the invention, 
there is provided a beam homogen izer comprising a first 
optical lens for dividing a fight beam into N(n'-1 ) beams 
in a vertical direction; a second optical lens for dividing 
the light beam into (2n+1 ) beams in a horizontal direc- 
tion; a third optical lens for recombining the beams that 
are divided in the vertical and horizontal directions into 
(n'-1) beams while superimposing the (n*-1) beams so 
that they are deviated from each other in the horizontal 
direction; and a fourth optical lens for recombining the 
beams that are divided In the vertical direction. 
[0036] According to a third aspect of the invention, 
mere is provided a beam homogen izer comprising a first 
optical lens for dividing a light beam into N(n-1) beams 
in a vertical direction; a second optical lens for dividing 
the light beam into (2n+1) beams in a horizontal direc- 
tion; a third optical lens for recombining the beams that 
are divided in the vertical and horizontal directions into 
(n-1 ) beams while superimposing the (n-1 ) beams so 
that they are deviated from each other in the horizontal 
direction; and a fourth optical lens for recombining the 
beams that are divided in the vertical direction. 
[0037] According to a fourth aspect of the invention, 
there is provided a beam homogenizer comprising a first 
optical lens for dividing a light beam into N(n*-1 ) beams 
in a vertical direction; a second optical lens for dividing 
the light beam into (2n) beams in a horizontal direction; 
a third optical lens for recombining the beams that are 
divided in the vertical and horizontal directions into (n'- 
1 ) beams while superimposing the (n'-1 ) beams so that 
they are deviated from each other in the horizontal di- 
rection; and a fourth optical lens for recombining the 
beams that are divided in the vertical direction. 
[0038] According to a fifth aspect of the invention, 
there is provided a beam homogenizer comprising a first 
optical lens for dividing a light beam into N(n-1 ) beams 
in a vertical direction; a second optical lens for dividing 
the light beam into (2n) beams in a horizontal direction; 
a third optical lens for recombining the beams that are 
divided in the vertical and horizontal directions into (n- 
1) beams while superimposing the (n-1) beams so that 
they are deviated from each other in the horizontal di- 
rection; and a fourth optical lens for recombining the 
beams that are divided in the vertical direction. 
[0039] According to a sixth aspect of the invention, 
there is provided a laser illumination apparatus compris- 
ing means for generating a laser beam; a beam homog- 
enizer comprising an optical lens for dividing the laser 
beam into N(n'-1 ) beams in a vertical direction; a cylin- 



drical lens group for dividing the laser beam into (2n+1 ) 
beams in a horizontal direction; (n'-1) cylindrical lenses 
for recombining the beams that are divided in the hori- 
zontal direction while superimposing the divided beams 
so that they are deviated from each other by d/(n'-l ) In 
the horizontal direction; and a cylindrical lens for recom- 
bining the beams that are divided in the vertical direc- 
tion; and a moving table that is movable in one direction, 
wherein d is defined as an interval of peaks of an inter- 
ference fringe that is formed on an illumination surface 
by a beam that has passed through one of the (n'-1 ) cy- 
lindrical lenses. 

[0040] According to a seventh aspect of the invention, 
there is provided a laser illumination apparatus compris- 
ing means for generating a laser beam; a beam homog- 
enizer comprising an optical lens for dividing the laser 
beam into N(n-1) beams In a vertical direction; a cylin- 
drical lens group for dividing the laser beam into (2n+1 ) 
beams in a horizontal direction; (n-1 ) cylindrical lenses 
for recombining the beams that are divided In the hori- 
zontal direction while superimposing the divided beams 
so that they are deviated from each other by d/(n-1) in 
the horizontal direction; and a cylindrical lens for recom- 
bining the beams that are divided in the vertical direc- 
tion; and a moving table that is movable in one direction, 
wherein d is defined as an interval of peaks of an inter- 
ference fringe that is formed on an illumination surface 
by a beam that has passed through one of the (n-1 ) cy- 
lindrical lenses. 

[0041] According to an eighth aspect of the invention, 
there is provided a laser illumination apparatus compris- 
ing means for generating a laser beam; a beam homog- 
enizer comprising an optical lens for dividing the laser 
beam into N(n*-1) beams in a vertical direction; a cylin- 
drical lens group for dividing the laser beam into (2n) 
beams in a horizontal direction; (n'-1) cylindrical lenses 
for recombining the beams that are divided in the hori- 
zontal direction while superimposing the divided beams 
so that they are deviated from each other by d/(n*-1 ) in 
the horizontal direction; and a cylindrical lens for recom- 
bining the beams that are divided in the vertical direc- 
tion; and a moving table that is movable in one direction, 
wherein d is defined as an interval of peaks of an inter- 
ference fringe that is formed on an illumination surface 
by a beam that has passed through one of the (n'-1 ) cy- 
lindrical lenses. 

[0042] According to a ninth aspect of the invention, 
there is provided a laser illumination apparatus compris- 
ing means for generating a laser beam; a beam homog- 
enizer comprising an optical lens for dividing the laser 
beam into N(n-1) beams in a vertical direction; a cylin- 
drical lens group for dividing the laser beam into (2n) 
beams in a horizontal direction; (n-1) cylindrical lenses 
for recombining the beams that are divided in the hori- 
zontal direction while superimposing the divided beams 
so that they are deviated from each other by d/(n-1) in 
the horizontal direction; and a cylindrical lens for recom- 
bining the beams that are divided in the vertical direC- 
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ticn; and a moving tabla that is movable in ens direction, 
wherein d is defined as an Interval of peaks cf an inter- 
ference fringe that is formed on an illumination surface 
by a beam that has passed through one of the (rt-1 } cy- 
lindrical lenses. 

[0043] In the sixth to ninth aspects of the invention, d 
may be approximately expressed by d = Xf/L, where X 
is the wavelength of the iaser beam, I is the focal length 
o1 the (n'-1 ) or (n-1) cylindrical lenses, and L is the width 
of each constituent lens of the cylindrical tens group. 
[0044] The invention is particularly effective ff on the 
illumination surface the laser beam is a linear beam hav- 
ing a longer axis in the horizontal direction. 
[0045] In general, the laser beam is an excimer laser 
beam. 

[0046] It is preferable that the moving direction of the 
moving table be variable. 

[0047] To avoid misunderstanding, it is noted that in 
the specification the horizontal and vertical directions 
mean the longitudinal direction and the width direction, 
respectively, of a linear laser beam. 
[0048] According to a 10th aspect of the invention, 
there is provided a semiconductor device manufactured 
by using a semiconductor film that has been formed by 
laser annealing that uses a laser beam produced by the 
beam homogenizer according to the first aspect of the 
invention. 

[0049] According to an 11th aspect of the invention, 
there is provided a semiconductor device manufactured 
by using a semiconductor film that has been formed by 
laser annealing that uses a laser beam produced by the 
beam homogenizer according to the second aspect of 
the invention. 

[0050] According to a 12th aspect of the invention, 
there is provided a semiconductor device manufactured 
by using a semiconductor film that has been formed by 
laser annealing that uses a laser beam produced by the 
beam homogenizer according to the fourth aspect of the 
invention. 

[0051] In crystallizing or improving the crystallinity of 
a non-single-crystal semiconductor film by using a laser 
beam that has been processed into a linear shape by 
dividing an original laser beam and recombining the di- 
vided beams, the invent ion prevents a processed sem- 
iconductor film from reflecting light-interference-in- 
duced periodic energy uneven ness in the linear laser 
beam. 

[0052] For example, the energy profile of a linear laser 
beam that is formed by the optical system of Fig. 2 has 
a periodic intensity pattern in the longitudinal direction 
as shown in Figs. 4A and 4B. If a linear laser beam hav- 
ing such an energy profile is applied to a semiconductor 
film, a processed semiconductor film exactly reflects the 
energy profile. 

[0053] By using a new beam homogenizer, the inven- 
tion makes the interference profile in a linear laser beam 
much more distributed (see Figs. 7A-7G) than obtained 
by conventional beam homogenizers, and thereby uni- 



formizss the energy profile in the linear laser beam. This 
enables iaser annealing to produce a result having a 
higher degree cf uniformity. 



[0054] 

Figs. 1 A and 1 B are photographs of silicon films that 
were crystallized by laser annealing that used a lin- 
ear iaser beam; 

Fig. 2 shows a conventional optical system for form- 
ing a linear laser beam and an optical path thereof; 
Figs. 3 and 4A-4B illustrate light interference in a 
linear laser beam that is formed by the conventional 
optical system; 

Figs. 5 and 6 show an optical system for forming a 
linear laser beam according to a first embodiment 
of the invention and an optical path thereof ; 
Figs. 7A-7G show methods of superimposing Inter- 
ference fringes for making light interference less 
conspicuous; 

Figs. 8A and SB illustrate a difference in arrange- 
ment between an optical system that produces 
spherical waves and an optical system that produc- 
es a plane waves; 

Fig. 9 shows a laser illumination system according 
to the first embodiment; 

Fig. 10 is a top view of a laser annealing apparatus 
according to the first embodiment; 
Figs. 11 A and 11 B show examples of a concave/ 
convex-mixed cylindrical lens group and a multi- 
phase lens, respectively; 

Figs. 12 and 13 snow parameters that are neces- 
sary for determining the pitch d of an interference 
fringe through a calculation; and 
Fig. 14 shows a optical system for forming a linear 
laser beam according to the first embodiment and 
an optical path thereof. 

DETAILED DESCRIPTION OF EMBODIMENTS OF 
THE INVENTION 

[0055] In the optical system of Fig. 2, if the cylindrical 
lens 206 is divided along a broken line 210 and the di- 
vided parts are deviated from each other by a proper 
distance in the direction perpendicular to the paper sur- 
face, beams that pass through the upper half of the cy- 
lindrical lens 206 and beams that pass through the lower 
half are superimposed on each other on the illumination 
surface so as to be deviated from each other properly, 
whereby a different beam interference pattern is formed. 
By utilizing this phenomenon in a proper manner, that 
is, by properly setting the offset of the top and bottom 
divisional lenses of the cylindrical lens 206, interference 
peaks in a beam can be distributed evenly. This is ap- 
parent from the principle of superposition of waves. 
[0056] Figs. 5 and 6 show such an optical system. A 
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cylindrical Icr.s 501 In Fig. 5 corresponds to the top/bot- 
tcrr.-eivided version of the cylindrical [ens 206 in Fig. 2. 
Fig. 0 b a perspective view of tho optica! system of Fig. 
£i. The stirrer £07 that is shown in Fig. 5 is omitted in 
Fig. 6. 

[0057] The invention is intended to determine fea- 
tures of an optical system that can distribute interfer- 
ence peaks most efficiently. 

[0058] Fig. 7A shows an interference fringe pattern 
that is produced by the apparatus of Fig. 2 when the 
number of lenses of the cylindrical lens group 202 is sev- 
en. The square of a value of one interference fringe pat- 
tern corresponds to the light intensity. The righ-Ieft di- 
rection of Fig. 7A corresponds to the longitudinal direc- 
tion of a linear laser beam. Parameter d is defined as 
the length of the one period of the interference fringe 
pattern of Fig. 7 A. The one period is in accordance with 
the pitch of the interference fringe. 
[0059] The inventors performed computer calcula- 
tions to search for a pattern that was obtained by adding 
patterns like the pattern of Fig. 7A and in which interfer- 
ence peaks were distributed most evenly. The best pat- 
tern was obtained when two patterns of Fig. 7A were 
shifted from each other by a half pitch and then super- 
imposed on each other. 

[0060] Specifically, when the pattern of Fig. 7A was 
superimposed on a pattern of Fig. 7B that was obtained 
by shifting the pattern of Fig. 7A by half period, a pattern 
of Fig. 7C was obtained. 

[0061] In the pattern of Fig. 7C : the degree of interfer- 
ence is more distributed than in the patterns of Figs. 7A 
and 7B. 

[0062] Fig. 7D shows an interference fringe pattern 
that is produced by the apparatus of Fig. 2 when the 
number of tenses of the cylindrical lens group 202 is 
nine. Parameter d is defined as the one period of the 
interference fringe pattern of Fig. 7D. 
[0063] The inventors performed computer calcula- 
tions to search for a pattern that was obtained by adding 
patterns like the pattern of Fig. 7D and in which interfer- 
ence peaks were distributed most evenly. The best pat- 
tern was obtained when three patterns of Fig. 7D were 
shifted from each other by 1/3 period and then superim- 
posed one on another (see Fig. 7G). 
[0064] Specifically, interference patterns of Figs. 7E 
and 7F were produced by shifting the interference pat- 
tern of Fig. 7D by a 1/3 pitch and a2/3 pitch, respectively. 
When the interference patterns of Figs. 7D-7F were su- 
perimposed one on another, an interference pattern of 
Fig. 7G was obtained. 

[0065] In the interference pattern of Fig. 7G, the de- 
gree of interference is much more distributed than in the 
interference patterns of Figs. 7D-7F. 
[0066] To realize the above superposition, it is neces- 
sary to produce laser beams having interference states 
of Figs. 7A and 7B, for instance. 
[0067] A laser beam produced by the combination of 
the cylindrical lens group 202 and the cylindrical lens 



2CS is also divided into a plurality of beams by tho cy- 
lindrical iens group 203. Therefore, by causing the di- 
vided laser beams that are produced by the cylindrical 
lens group 203 to be superimposed one on another 
s as to be deviated from one another with subtle positional 
relationships, a laser beam having interference peaks 
that are more distributed than in Figs. 7C and 7G can 
be obtained. 

[0068] The cylindrical lens 501 plays a role of shifting 

10 laser beams. For example, where the number of lenses 
of the cylindrical lens group 202 is seven, a laser beam 
as shown in Fig. 7C can be obtained by using the cylin- 
drical lens 501 that is divided into two parts, that is, top 
and bottom parts. In this case, rt is preferable that the 

is cylindrical lens group 203 divide a laser beam into an 
even number of beams. If this is the case, resulting laser 
beams are properly distributed to the top and bottom 
lenses as shown in the bottom part of Fig. 5 and hence 
no distortion occurs in the optical paths of the laser 

20 beams. In the case of Fig. 5, since the cylindrical lens 
203 produces four beams, two beams enter each of the 
top and bottom lenses of the cylindrical lens 501 . 
[0069] Where the number of lenses of the cylindrical 
lens group 202 is nine, a laser beam as shown in Fig. 

25 7G can be obtained by using the cylindrical lens 501 that 
is divided into three parts, that is, top, middle, and bot- 
tom parts. In this case, it is preferable that the cylindrical 
lens group 203 divide a laser beam into a muitiple-of-3 
beams. If this is the case, resulting laser beams are 

30 properly distributed to the top, middle and bottom lenses 
and hence no distortion occurs in the optical paths of 
the laser beams. 

[0070] However, the cylindrical lens 501 is divided into 
three or more parts, the alignment of the optical system 

35 becomes unduly complex. Therefore, the cylindrical 
lens 501 may be divided into two parts rather than three 
parts. Interference peaks were properly distributed even 
by superimposing two laser beams as shown in Fig. 7D 
that are shifted from each other by a half pitch. In this 

40 case, the cylindrical lens 501 is of a type that is divided 
into two parts, that is, top and bottom parts. The cylin- 
drical lens group 203 may divide a laser beam into a 
multiple-of-2 beams. 

[0071] The invention provides an optimum combina- 
45 tion of parameters for the above-described scheme. 
That is, the invention is intended to determine features 
of an optical system that can distribute interference 
peaks most efficiently. 

[0072] In the following description, N is assumed to 
50 be a natural number while the number n of the interfer- 
ence peaks per one period in the longitudinal direction 
of a linear laser beam is an integer that is greater than 
or equal to 3. In the optical system of Fig. 5, N = 2 and 
n = 3. This is because when n = 3, the number s of lenses 
55 of the cylindrical lens group 202 is seven and the 
number N(n-1 ) of lenses of the cylindrical lens group 203 
is four. 

[0073] In Figs. 4A-4B and 7A-7G, parameter d indi- 
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cates the interval (the length of one period) of an inter- 
ference pattern that is formed on the illumination surface 
by a beam that has passed through enc of the lenses 
that constitute the cylindrical lens SOI. The value of u 
can be obtained by observing a laser beam that Is pro- s 
duced when the cylindrical lens 501 is covered except 
one constituent lens, or observing annealing effect or 
the like of that laser beam. The value of d can also be 
calculated as described later in the third embodiment. 
[0074] A description will now be made of a proper de- 
viation between the constituent lenses of the cylindrical 
lens 501 to obtain the effect of the invention. 
[0075] Where the number of lenses of the cylindrical 
lens group 202 is seven, n is equal to 3 and hence the 
number of lenses of the cylindrical lens group 203 may 
be a multiple of (n-1 ), that is. an even number. In this 
case, the top and bottom lenses of the cylindrical lens 
501 may be deviated from each other by a distance d/2. 
[0076] Where the number of lenses of the cylindrical 
lens group 202 Is nine, n is equal to 4 and hence a beam 
that is sufficiently uniform can be obtained if the number 
of lenses of the cylindrical lens group 203 is a multiple 
of 3 (i.e., (n-1 )), for instance, 6. A beam that is higher in 
the degree of uniformity can be obtained when the cy- 
lindrical lens 501 is divided into three parts than two 
parts. In the former case, the top, middle, and bottom 
lenses of the cylindrical lens 501 may be deviated from 
each other by a distance d/3. 

[0077] However, because of the structure of the opti- 
cal system, the alignment of the optical system becomes 
more difficult when the cylindrical lens 501 is divided into 
three or more parts. For example, the cylindrical lens 
501 may be divided into two parts even in a case where 
a beam that is higher in the degree of uniformity can be 
obtained by designing the optical system using the 
3-piece-divided cylindrical lens 501 . 
[0078] From the above discussions and calculations, 
it is understood that where the number of lenses of the 
cylindrical lens group 202 is an odd number, the cylin- 
drical lens 5C1 may be divided into (n'-1 ) parts and the 
(n'-1 ) lenses may be deviated Irom each other by d/(n*- 
1 ), where n' is an integer in a rang© of 3 <> n' £ n. In this 
case, satisfactory results were obtained when the cylin- 
drical lens group 203 had N(n'-1) constituent lenses. 
[0079] With the above design, divided laser beams 
produced by the cylindrical lens group 203 can be su- 
perimposed one on another in a manner as shown in 
Figs. 7A-7G and a laser beam having a uniformlzed in- 
terference state as shown in Fig. 7C or 7G can be ob- 
tained. 

[0080] The configuration of the optical system shown 
in Figs. 5 and 6 is the basic one and other optical sys- 
tems may be used. Part of the lenses may be replaced 
by lenses having similar functions. Further, the optical 
system of Figs. 5 and 6 may be used as part of the entire 
optical system. For example, although the cylindrical 
lens group 202 and the cylindrical lens group 203 are 
convex lens groups, they may be concave lens groups 



or concave/con vox-mixed lens groups. 
[0081] A laser beam may be divided by a method oth- 
er than the method using cylindrical lenses. For exam- 
ple, tha cylindrical lens group 203 and the cylindrical 
lens 204 may be replaced by multi-phase lenses having 
almost the same functions (see Fig. 11 B). 
[0082] The above configuration is particularly effec- 
tive in converting a laser beam whose aspect ratio is not 
very large into a linear laser beam having an aspect ratio 
of 100 or more. 

[0083] In contrast to the case where the number of 
lenses of the cylindrical lens group 202 is an odd 
number, remarkable effect is not obtained when it is an 
even number. (It goes without saying that the cylindrical 
lens group 202 can be regarded as being constituted of 
an odd number of lenses when aser beams correspond- 
ing to an odd-numbered part of the cylindrical lens group 
202 are substantially used by the downstream lenses 
even if the cylindrical lens group 202 is constituted of an 
even number of lenses.) 

[0084] Where the number of lenses of the cylindrical 
lens group 202 is an odd number, it is possible to pro- 
duce a beam having a sinusoidal interference profile as 
shown in Figs. 7C and 7G in which interference peaks 
are more distributed in the beam. Where the number of 
lenses of the cylindrical lens group 202 is 2 or 3, a beam 
having a sinusoidal interference profile can be obtained 
by the optical system of Fig. 2. However, since the 
number of divided beams is insufficient, it is difficult to 
obtain a uniform beam. The invention is epoch-making 
because it enables use of a sufficient number of divided 
beams and provides a beam having a sinusoidal inter- 
ference profile. 

[0085] Where the number of lenses of the cylindrical 
lens group 202 is an even number, a beam, having so 
clearly distributed interference peaks cannot be ob- 
tained. However, even in this case, marked improve- 
ment is obtained as compared to the conventional opti- 
cal system (see Fig. 2). That is, the effect of distributing 
the interference and thereby correcting illumination un- 
evenness can be obtained. 

[0088] Also where the number of lenses of the cylin- 
drical lens group 202 is an even number, the cylindrical 
lens 501 may be divided into (n'-1 ) parts and the (n'-1 ) 
lenses may be deviated from each other by d/(n'-1 ). With 
this design, interference peaks were distributed proper- 
ly. In this case, parameter d is defined as shown in Fig. 
4B. Satisfactory results were obtained when the cylin- 
drical lens group 203 was constituted of N(n*-1 ) lenses. 
[0087] Incidentally, parameter d is defined as the pitch 
(the length of one period) of interference peaks as 
shown in Figs. 4A or 4B, that is, the pitch of an interfer- 
ence state appearing in a beam (linear laser beam) that 
corresponds to one constituent cylindrical lens of the cy- 
lindrical lens 501. 

[0088] As is understood from the above description, 
it is preferable that the intervals d of an interference 
fringe be constant In a aser beam. That is, it is preferable 
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that interference peaks appear at a fixed psricd in the 
longitudinal direction of a linear beam as shown in Figs. 
4A and 4B. 

[0QS9] However, except for certain special cases, the 
intervals between interference peaks in a linear laser s 
beam produced by the optica! system of Fig. 2 are not 
constant. This is because a linear beam is obtained by 
combining spherical waves. (See Fig. 8A. When a 
spherical wave is cut by a straight line : intervals between 
points having the same phase are not constant) io 
[0090] When it is necessary to make the intervals of 
interference peaks approximately constant, one method 
Is to combine plane waves into a linear shape. (When a 
plane wave is cut obliquely by a straight line, intervals 
between points having the same phase become con- is 
stant.) 

[0091] Fig. 8B shows an optical system for forming 
such light waves. This optical system is different from 
the optical system of Fig. 8A in that all the divided laser 
beams produced by the incident-side cylindrical lens are 20 
converted into parallel beams by the downstream cylin- 
drical lens. 

[0092] This type of optical system can easily be ob- 
tained by properly setting the distance between the front 
and rear cylindrical lenses. With this design, any of the 25 
divided beams produced by the cylindrical lens group 
can be converted into a plane wave by the cylindrical 
lens. When a beam produced by this optical system is 
used, the intervals between vertical stripes becomes ap- 
proximately constant. The optical system having this ar- 30 
rangement is most suitable for the invention. 
[0093] However, even a linear beam obtained by com- 
bining spherical waves can substantially be regarded as 
being constituted of parallel beams because the radius 
of curvature of the spherical waves is sufficiently large. 35 
Therefore, the invention can also be utilized for such a 
case. In this case, the interval d of an interference fringe 
is defined as the average of all intervals. 
[0094] As described above, the degree of uniformity 
of an interference fringe profile of a linear laser beam *o 
can greatly be increased by utilizing the invention. In 
particular, where the cylindrical lens group 202 is con- 
stituted of an odd number of lenses, a linear laser beam 
can be shaped so as to have a sinusoidal interference 
fringe profile (see Figs. 7C and 7G), which means that 45 
the invention is utilized most effectively. 
[0095] However, even if the invention is utilized, en- 
ergy unevenness due to light interference still remains 
in a linear laser beam. Such unevenness may be em- 
phasized depending on the laser beam illumination con- so 
ditions. 

[0096] The degree of unevenness that occurs in this 
manner can be reduced by finely adjusting the laser 
beam scanning direction. That is, laser processing may 
be performed while a linear laser beam is moved in a ss 
direction that exists in the plane of the linear laser beam 
and is deviated by an angle y from the direction that ex- 
ists in the plane of the linear laser beam and is perpen- 



dicular to the longitudinal direction of the linear laser 
beam. The angle y can be found in a range of 0 < lien 
yi<0 t. (Itanyl*0) 

[0097] if a polyerystalllno semiconductor film is 
formed by laser-annealing a semiconductor film by us- 
ing the optical system according to the invention and a 
device such as a TFT liquid crystal display device is 
manufactured by using the thus-formed polycrystalline 
semiconductor film, variations in the characteristics of 
the respective TFTs are reduced and there can be ob- 
tained a device capable of producing high-quality imag- 
es. 

[0098] If the invention is applied to aser annealing for 
manufacture of a semiconductor integrated circuit, the 
characteristics of elements formed on the same base 
member can be uniformized and there can be obtained 
a circuit exhibiting high performance. 
[0099] Specific embodiments of the invention will be 
hereinafter described. 

Embodiment 1 

[0100] First, amethodofformingatllmtobesubjected 
to laser illumination will be described as part of a man- 
ufacturing process of this embodiment. Three kinds of 
films to be subjected to laser illumination will be de- 
scribed in this specification. The invention can effective- 
ly be applied to any of those films. 
[0101] First, for any of the three kinds of films, a 
200-nm-thick silicon oxide film as an undercoat film and 
a 50-nm-thick amorphous silicon film are formed in this 
order on a 127-mm-square Corning 1737 glass sub- 
strate by plasma CVD. This film will be called a starting 
film in the following description. 

(Procedure of forming film A) 

[01 02] The starting film is subjected to hot bathing of 
450°C and 1 hour. This step is to reduce the hydrogen 
concentration of the amorphous silicon film. This step is 
necessary because the film cannot withstand laser en- 
ergy if it contains an unduly large amount of hydrogen. 
[0103] it is appropriate that the hydrogen concentra- 
tion of the film be of the order of 10 20 atoms/cm 3 . This 
film is called a silicon film A. 

(Procedure of forming film B) 

[0104] A nickel acetate layer is formed by applying a 
nickel acetate aqueous solution of 1 0 ppm to the starting 
film by spin coating. It is preferable that a surfactant be 
added to the nickel acetate aqueous solution. Being ex- 
tremely thin, the nickel acetate layer does not necessar- 
ily assume a film form. However, this will not cause any 
problem in the ensuing steps. 

[0105] The substrate on which the respective films 
have been laid in the above manner is subjected to ther- 
mal annealing of 600°C and 4 hours. As a result, the 
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amorphous silicon film is crystallized into a crystalline 
silicon film 8. 

[0106] In the above etcp, nickel as a catalyst clement 
servos as nuclei for crystal growth and the crystallization 
is thereby accelerated. It is by virtue of the action of nick- $ 
el that the crystallization can be performed at a low tem- 
perature of 600°C in a short time of 4 hours. The details 
of this technique are disclosed in Japanese Unexam- 
ined Patent Publication No. 6-244104. 
[0107] It is preferable that the concent ration of the cat- n> 
aiyst element be 1 x 10 15 to 1 x 10 19 atoms/cm 3 . If the 
concentration is higher than 1 x 10 19 atoms/cm 3 , the 
crystalline silicon film exhibits metal properties and los- 
es semiconductor properties. In this embodiment, the 
concentration of the catalyst element in the crystalline 15 
silicon film is 1 x 10 17 to 5 x 10 1B atoms/cm 3 in terms of 
the minimum value in the film. These values were ob- 
tained through an analysis and a measurement by sec- 
ondary ion mass spectroscopy (SIMS). 

(Procedure of forming film C) 

[0108] A 700-A-thick silicon oxide film is formed on 
the starting film by plasma CVD. 
[0109] Then, a complete opening is formed in a por- 
tion of the silicon oxide film by photolithographic pattern- 
ing. 

[0110] Then, to form a thin oxide film in the opening, 
UV light is applied for 5 minutes in an oxygen atmos- 
phere. The thin oxide film is formed to improve the wet- 
tability of the opening with respect to a nickel acetate 
aqueous solution to be introduced later. 
[01 1 1] Then, a nickel acetate aqueous solution of 1 00 
ppm is applied to the film by spin coating, whereby nickel 
acetate is introduced into the opening. It is preferable 
that a surfactant be added to the nickel acetate aqueous 
solution. 

[01 1 2] Then, thermal annealing is performed at 600°C 
for 8 hours and a crystal grows laterally from the nickel- 
introduced portion. In this step, nickel plays the same 
role as in forming film B. With the conditions of the em- 
bodiment, a lateral growth length of about 40 um was 
obtained. 

[0113] In this manner, the amorphous silicon film is 
crystallized into a crystalline silicon film C which is a 
non-single-crystal silicon film. Subsequently, the silicon 
oxide film on the crystalline silicon film is peeled and 
removed by using buffered hydrofluoric acid. 
[0114] In the above manners, the non-single-crystal 
silicon films A-C are obtained. 

[0115] Then, to improve the crystallinity, laser anneal- 
ing is performed by using an excimer laser. 
[0116] Fig. 9 schematically shows a laser illumination 
system according to the embodiment. 
[0117] In the laser illumination system of Fig. 9, a 
pulse laser beam is emitted from a laser oscillation de- 
vice 201 and its traveling direction is adjusted by a pair 
of reflection mirrors 901. Then, the sectional shape of 



the pulse laser beam is converted into a linear shape by 
an optical system 902 according to the invention. Then, 
the pulse laser beam is reflected by a mirror 207 : fo- 
cused by a cylindrical lens 208, and applied to a sub- 
strate 904 to be processed. A beam expander that can 
limit the divergence angle of a laser beam and adjust 
the beam size may be inserted between the pair of re- 
flection mirrors 901. 

[011 8] The optical system 902, the mirror 207, and the 
cylindrical lens 208 are basically the same as those 
shown in Fig. 5. 

[011 9] In this embodiment, the above-described opti- 
cal system according to the third aspect of the invention 
is employed as the optical system 902. In this embodi- 
ment, since the number of lenses of the cylindrical lens 
group 202 is seven (corresponds to (2n+1)), the cylin- 
drical lens 501 is constituted of two (corresponds to (n- 
1 )) lenses in the optica! system of Fig. 5. 
[01 20] Now, a description will be made of a method of 
determining a distance by which the top and bottom 
lenses of the cylindrical lens 501 should be deviated 
from each other. 

[0121] In this embodiment, the pitch of a light interfer- 
ence fringe in a linear laser beam that was formed by 
an arbitrarily selected one of the constituent lenses of 
the cylindrical lens 50 1 and the lenses of the optical sys- 
tem of Fig. 5 other than the cylindrical lens 501 was 0. 
1 mm, which corresponds to parameter d of the inven- 
tion. 

[0122] As described above, a deviation distance that 
is calculated according to d/(n-1 ) can distribute interfer- 
ence peaks to a largest extent in a linear laser beam. 
[0123] Substituting d = 0.1 mm and n = 3 into the 
above formula, we obtain a distance of 0.05 mm. It goes 
without saying that according to the principle of super- 
position of waves the same effect is obtained even if the 
distance is changed to 0.15 mm, 0.25 mm, 0.35 mm, ... 
at intervals of 0.1 mm. As the distance is set longer, the 
effectively usable length in the longitudinal direction of 
a linear beam becomes shorter. 
[01 24] That is, where the top and bottom lenses of the 
cylindrical lens 501 are deviated from each other, both 
end portions of a linear laser beam in the longitudinal 
direction are blurred over the length that is equal to the 
deviation distance. However, both end portions in the 
width direction are not blurred at all. Since both end por- 
tions of a linear laser beam in the longitudinal direction 
can be located outside a device area, slight blurring 
causes no influence on the processing. On the other 
hand, since both end portions in the width direction are 
not blurred at all, no adverse influence is caused even 
if they are applied to the device area. 
[0125] In this embodiment, since n = 3, the number of 
divided laser beams in the vertical direction (width di- 
rection of a linear beam) is determined by a multiple of 
(3 - 1 ). Specifically, N is set at 4 and the division number 
is set at 8. The number of divided laser beams in the 
horizontal direction (longitudinal direction of a linear 
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beam) is(2-3 + 1) = 7 

[01 26] The reason why the optica! systems of Figs. 2 
and 5 arc used is they can convert the beam shape into 
a linear shape while averaging the energy unovenness 
existing in a beam before entrance to the optical system 
by dividing the beam and then superimposing the divid- 
ed beams. 

[0127] Ail linear laser beams used in the invention are 
basically the same as a beam obtained by the optical 
system of Fig. 5. The roles of the lenses shown in Fig. 
5 will be described below. 

[0128] The cylindrical lens groups 202 and 203 have 
roles of dividing a beam In the horizontal and vertical 
directions. The cylindrical lenses 204 and 501 have 
roles of combining the divided laser beams. 
[0129] In this embodiment, an original beam is divided 
into eight beams in the vertical direction (width direction 
of a linear laser beam) and into seven beams in the hor- 
izontal direction (longitudinal direction of a linear laser 
beam). Therefore, a linear laser beam is obtained by 
combining 56 divided beams into a single beam. The 
beam energy profile is averaged in this manner. 
[01 30] Although the beam aspect ratio is variable from 
the viewpoint of the configuration of the optical system, 
easy-to-form beam shapes are restricted by the sizes of 
the lenses and the combination of the focal lengths. It is 
noted that the optical system being considered cannot 
change the longitudinal length of a beam. 
[01 31] This embodiment is effective with either of the 
lens arrangement of Fig. 8A or that of Fig. 8B. However, 
it is more effective with the arrangement of Fig. 8B. 
[01 32] Although the cylindrical lens group 202 and the 
cylindrical lens group 203 are convex lens groups, they 
may be concave lens groups or concave/convex-mixed 
lens groups. A laser beam may be divided by a method 
other than the method using cylindrical lenses. 
[01 33] For example, Fig. 11 A shows a concave/con- 
vex-mixed lens group having approximately the same 
function as the cylindrical lens group 202 shown in Fig. 
5 and hence is replaceable with the latter. Or the cylin- 
drical lens group 203 and the cylindrical lens 204 shown 
in Fig. 5 may be replaced by multi-phase lenses having 
approximately the same functions (see Fig. 11 B). By dis- 
posing a multi-phase lens 1401 as shown in Fig. 14, ap- 
proximately the same beam as obtained by the optical 
system of Fig. 6 can be formed. Further, the cylindrical 
lens 208 may be replaced by a multi-phase lens or a 
lens constituted of a plurality of cylindrical lenses. 
[01 34] Where a lens whose constituent lenses are not 
congruous with each other as typified by a concave/con- 
vex-mixed lens is used, it is preferable that the constit- 
uent lenses be configured so as to produce parallel 
beams having the same divergence angle. Otherwise, 
when divided beams are recombined together, they are 
superimposed one on another in a state that the individ- 
ual beams have different sizes and shapes, as a result 
of which the beam outline becomes unclear. 
[0135] A XeCI excimer laser (wavelength: 308 nm) is 



used as the laser oscillation device 201 . A KrF excimer 
laser (wavelength: 248 nm) and the like may also be 
used. 

[0136] A substrate 004 to be processed is mounted 

s on a stage 905. The stage 905 is moved straightly by a 
moving mechanism 903 in the direction that is perpen- 
dicular to the longitidinal direction of a linear laser beam 
and is included in the plane of the linear aser beam, to 
make it possible to apply the linear laser beam to the 

10 top surface of the substrata 904 while scanning it with 
the linear laser beam (see Fig. 9). 
[0137] An apparatus shown in Fig. 10 will be de- 
scribed below. A cassette 1003 accommodating a 
number of, for instance, 20, substrates 904 to be proc- 

15 essed is placed in a load/unload chamber 1005. One 
substrate 904 is moved from the cassette 1003 to an 
alignment chamber 1002 by a robot arm 1004. 
[01 38] The alignment chamber 1 002 is equipped with 
an alignment mechanism for correcting the positional re- 

20 tationshlp between the substrate 904 and the robot arm 
1004. The alignment chamber 1002 is connected to the 
load/unload chamber 1005. 

[0139] The substrate 904 is carried to a substrate 
transport chamber 1 001 by the robot arm 1 004, and then 
25 moved to a laser illumination chamber 1006 by the robot 
arm 1004. 

[0140] Referring to Fig. 9, the width and the length of 
a linear laser beam that is applied to the substrate 904 
to be processed are set at 0.4 mm and 1 35 mm, respec- 

30 tively. The linear laser beam is formed by the lens ar- 
rangement of Fig. 5 in which the cylindrical lens group 
203 is constituted of eight lenses. 
[0141] The energy density of a laser beam on the il- 
lumination surface is set in a range of 100-500 mJ/cm 2 , 

35 for instance, 300 mJ/cm 2 . The illumination surface is 
scanned with a linear laser beam while the stage 905 is 
moved in one direction at 1.2 mm/s. The oscillation fre- 
quency of the laser oscillation device 201 is set at 30 
Hz. As a result, one point on the illumination surface is 

40 illuminated with 10 shots of laser beams. The number 
of shots is selected in a range of 5 to 50. 
[0142] After completion of the laser illumination, the 
substrate 904 is returned to the substrate transport 
chamber 1001 by the robot arm 1004. Then, the sub- 

45 strate 904 is moved to the load/unload chamber 1005 
and caused to be accommodated in the cassette 1003 
by the robot arm 1004. 

[0143] The laser annealing step Is thus finished. By 
repeating the above step, a number of substrates 904 
50 can be processed consecutively one by one. 

[01 44] Although a linear laser beam is used in this em- 
bodiment, the invention is effective even if any beam 
shape is employed that ranges from a linear shape to a 
square shape. 

55 [0145] Either an n -channel TFT or a p -channel TFT 
can be manufactured by using, as an active layer, a 
semiconductor film formed by the above laser anneal- 
ing, it is also possible to manufacture a structure that is 
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a combination of an n-channe! TFT and a p-chanr.al 
TFT. Further, an electronic circuit can be constructed by 
integrating a number of TFTe. 

[0146] Tho above also applies to semiconductor films 
formed by laser annealing that uses an optical system s 
of any of the other embodiments. Where a TFT liquid 
crystal display device is manufactured by using a sem- 
iconductor film formed by laser annealing that uses the 
optica! system of the invention, It can produce high-qual- 
ity images by virtue of small variations in the character- io 
istics of the respective TFTs. 

Embodiment 2 

[01 47] If a striped pattern cannot be eliminated prop- 
erly in the first embodiment, it means that the arrange- 
ment of the optical system or the manner of superposi- 
tion of laser beams is inappropriate. In this case, a scan- 
ning direction that makes an interference fringe less 
conspicuous may be selected by finely adjusting the 
substrate scanning direction with a scanning direction 
changing device 906 (see Fig. 9). 
[0148] That is, an adjustment is so made that scan- 
ning with a linear laser beam is performed in a direction 
that forms a small angle with the width direction of the 
linear laser beam. 

Embodiment 3 

[01 49] Where the optical system arrangement shown 
in Fig. 8B is employed in the first embodiment, the pitch 
of an interference fringe can easily be derived through 
a calculation. This embodiment is directed to a calcula- 
tion method therefor. First, the following consideration 
is made with an assumption that the constituent lenses 
of the cylindrical lens 501 are not deviated from each 
other. Such a cylindrical lens 501 is now called a cylin- 
drical lens 1206. 

[0150] Figs. 8A and 8B may be regarded as sectional 
views including the cylindrical lens group 202 shown in 
Fig. 5 and the cylindrical lens 501 . 
[0151] Where the optical system of Fig. 8B is em- 
ployed, beams to be combined by the cylindrical lens 
1206 can be said to be plane waves. 
[0152] In this case, as shown in Fig. 12, laser beams 
that enter the cylindrical lens 1 206 after passing through 
two respective lenses 1201 adjacent to the central lens 
among the lenses constituting the cylindrical lens group 
202 intersect the illumination surface 1204 at an angle 
a. 

[01 53] Since a wave su rface 1 205 of a laser beam as- 
sumes a straight line in Fig. 12, straight lines represent- 
ing wave surfaces that are drawn at intervals of a wave- 
length intersect the illumination surface 1204 at points 
having intervals p (see Fig. 13). 

[0154] The relationship between the angle a and the 
intervals p can be expressed by a formula including the 
wavelength K that is, p = A/sin a. 



[0155] The two lenses 1201 form stationary waves 
having the Interval p on the illumination surface 1204. 
Two lenses 1 202 form stationary waves having an inter- 
val p/2 on tho illumination surface 1204. Further, Two 
lenses 1 203 form stationary waves having an interval p/ 
3 on the illumination surface 1204. Those stationary 
waves are combined on the illumination surface 1204 
into a stationary wave as shown in Fig. 4A. Therefore, 
one interval P coincides with the interval d between in- 
terference peaks shown in Fig. 4A-4B and 7A-7G. This 
is understood by a simple calculation. 
[01 56] A simple calculation shows that even if the po- 
sition of the cylindrical (ens 1206 is moved with respect 
to the cylindrical lens group 202 in a direction of arrow 
1207 (i.e., the right-left direction), almost no variation 
occurs in the interval d. This indicates that moving the 
constituent lenses of the cylindrical lens 501 in the right 
or left direction in returning the cylindrical lens 1 206 to 
the cylindrical lens 501 does not influence the essence 
of the Invention at all. 

[0157] A relationship tan a = L/f holds where f is the 
local length of the cylindrical lens 1 206 and L is the width 
of each constituent lens of the cylindrical lens group 202. 
[0158] Since the angle a is sufficiently small, a rela- 
tionship tan a « sin a. Therefore, a formula p = X1/L is 
obtained. 

[01 59] Since the relationship p = d generally holds as 
described above, d is approximately given by Xf/L. 
[01 60] Thus, the length of one period d of interference 
peaks appearing in a beam that is output from one con- 
stituent lens of the cylindrical lens 501 shown in Fig. 5 
can be determined without the need for conducting an 
actual measurement if the focal length f of the cylindrical 
lens 1206, the width L of each constituent lens of the 
cylindrical lens group 202, and the wavelength A. of the 
laser beam. 

[0161] Where the optical system arrangement of Fig. 
8A is employed, beams that are output from the cylin- 
drical lens 501 are spherical lens and hence the above- 
obtained formula does not hold completely. 
[01 62] In this case, the value of d needs to be calcu- 
lated through a numerical calculation using a computer. 
[01 63] However, if the sum of the focal length f of the 
cylindrical lens 501 and the focal length of the cylindrical 
lens group 202 is close to the interval between the cy- 
lindrical lens 501 and the cylindrical lens group 202, a 
value of d obtained by the above formula can be used. 

Embodiment 4 

[01 64] This embodiment is directed to a case of man- 
ufacturing a TFT by using a polysilicon film formed by 
the above method. 

[01 65] A polysilicon film formed by the above method 
is patterned into an active layer pattern on a TFT. A 
channel forming region and high-resistivity regions will 
be formed in the active layer pattern. After the formation 
of the active layer, a 100-nm-thick silicon oxide film as 
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a gate insulating film is formed by plasma CVD. 
[0166] Thereafter, a 400-nm-thick titanium film is 
formed by sputtering and then patterned into a gate 
electrode. A 2CQ~nm-thick anodic oxide film is formed 
on the exposed surface of the titanium film pattern. 
[01 67] The anodic oxide film has a function of protect- 
ing the surface of the gate electrode electrically and 
physically as well as a function of forming high -resistivity 
regions called offset regions adjacent to the channel 
forming region in a later step. 

[0168] Then, phosphorus doping is performed by us- 
ing the gate electrode and the anodic oxide film around 
it as a mask. Phosphorus serves as a dopant for source 
and drain regions. 

[0169] Source and drain regions are formed in a self- 
aligned manner by the phosphorus doping. Phosphorus 
is introduced at a dose of 5 x 1 0 14 ions/cm 2 by using an 
ion doping apparatus. Phosphorus is activated by illu- 
minating the active layer with laser light by the method 
of the first embodiment. The laser beam energy density 
is set at 200 mJ/cm 2 . The appropriate energy density in 
this step depends on the kind of laser, the illumination 
method, and the state of a semiconductor film. There- 
fore, the energy density should be adjusted to those fac- 
tors. The laser illumination decreased the sheet resist- 
ance of the source and drain regions to 1 kQ/Q 
[0170] Then, a 150-nm-thick silicon nitride film as an 
interlayer insulating film is formed by plasma CVD and 
an acrylic resin film is formed thereon. The acrylic resin 
film is formed so as to have a minimum thickness of 700 
nm. The resin film is used to planarize the surface. 
[0171] Examples of usable materials other than acryl- 
ic are polyimide, polyamide, polyimideamide, and 
epoxy. The resin film may be a multilayered film. 
[0172] Then, after contact holes are formed, a source 
electrode and a drain electrode are formed. An n -chan- 
nel TFT is thus completed. Although in this embodiment 
the n -channel TFT is manufactured because phospho- 
rus is introduced into the source and drain regions, to 
manufacture a p-channel TFT the source and drain re- 
gions may be doped with boron instead of phosphorus. 
[0173] When a liquid crystal display device, for in- 
stance, was manufactured by using TFTs that were 
formed according to an embodiment of the invention, 
traces of the laser processing were less conspicuous 
than in conventional cases. 

[0174] As described above, the invention can greatly 
improve the intraplane uniformity of the effect of laser 
annealing that uses a laser beam that has been uni- 
formized by dividing an original beam and recombining 
the divided beams. 



Claims 

1 . A beam homogenizer including means for forming 
a sinusoidal stationary wave on an illumination sur- 
face by dividing a laser beam and recombining di- 
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viced laser beams. 

2. A beam hcrncgcn&er comprising: 

a first optical lens for dividing a light beam into 
N(n'-1) beams in a vertical direction; 
a second optica! lens for dividing the light beam 
into (2n) or (2n+1) beams in a horizontal direc- 
tion; 

a third optical lens for recombining the beams 
that are divided in the vertical and horizontal di- 
rections into (n*-1) beams while superimposing 
the (n'-i ) beams so that they are deviated from 
each other in the horizontal direction; and 
a fourth optical lens for recombining the beams 
that are divided in the vertical direction, 
wherein N is a natural number, n is an integer 
that is greater than or equal to 3, and n" is an 
integer that satisfies 3 £ n' £ n. 

3. A beam homogenizer comprising: 

a first optical lens for dividing a light beam into 
N(n-1) beams in a vertical direction; 
a second optical lens for dividing the light beam 
into (2n) or (2n+1) beams in a horizontal direc- 
tion; 

a third optical lens for recombining the beams 
that are divided in the vertical and horizontal di- 
rections into (n-1) beams while superimposing 
the (n-1) beams so that they are deviated from 
each other in the horizontal direction; and 
a fourth optical lens for recombining the beams 
that are divided in the vertical direction, 
wherein N is a natural number, n is an integer 
that is greater than or equal to 3, and n' is an 
integer that satisfies 3 < n" ^ n. 

4. A laser illumination apparatus comprising: 

means for generating a laser beam; 
a beam homogenizer comprising: 
an optical lens for dividing the laser beam into 
N(n'-1) beams in a vertical direction; 
a cylindrical lens group for dividing the laser 
beam into (2n+1) or (2n) beams in a horizontal 
direction; 

(n*-1) cylindrical lenses for recombining the 
beams that are divided in the horizontal direc- 
tion while superimposing the divided beams so 
that they are deviated from each other by d/(n'- 
1 ) in the horizontal direction; and 
a cylindrical lens for recombining the beams 
that are divided in the vertical direction; and 
a moving table that is movable in one direction, 
wherein d is defined as an interval of peaks of 
an interference fringe that is formed on an illu- 
mination surface by a beam that has passed 
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through one cf the (rV-1 ) cylindrical lenses and 
wherein N is a natural number, n is an integer 
that in greater than or equal to 3, and n' is an 
integer that satisfies 3 £ n* £ n, 

5. A laser illumination apparatus comprising: 

means for generating a laser beam; 

a beam homogenizer comprising: 

an optical lens for dividing the laser beam into 

N(n-1) beams in a vertical direction; 

a cylindrical lens group for dividing the laser 

beam into (2n+1) or (2n) beams in a horizontal 

direction; 

(n-1) cylindrical lenses for recombining the 
beams that are divided in the horizontal direc- 
tion while superimposing the divided beams so 
that they are deviated from each other by d/(n- 
1) in the horizontal direction; and 
a cylindrical lens for recombining the beams 
that are divided in the vertical direction; and 
a moving table that is movable in one direction, 
wherein d is defined as an interval of peaks of 
an interference fringe that is formed on an illu- 
mination surface by a beam that has passed 
through one of the (n-1 ) cylindrical lenses and 
wherein N is a natural number, n is an integer 
that is greater than or equal to 3, and n* is an 
integer that satisfies 3 £ n' £ n. 

6. The laser illumination apparatus according to claim 

4, wherein d is approximately expressed by d = W 
L, where X is a wavelength of the laser beam, f is a 
focal length of the (n'-1) cylindrical lenses, and L is 
a width of each constituent lens of the cylindrical 
lens group. 

7. The laser illumination apparatus according to claim 

5, wherein d is approximately expressed by d = W 
L, where a. is a wavelength of the laser beam, f is a 
focal length of the (n-1) cylindrical lenses, and L is 
a width of each constituent lens of the cylindrical 
lens group. 

8. The laser illumination apparatus according to claim 
4 or claim 5, wherein on the illumination surface the 
laser beam is a linear beam having a longer axis in 
the horizontal direction. 

9. The laser illumination apparatus according to claim 
4 or claim 5, wherein the laser beam is an excimer 
laser beam. 

1 0. The laser illumination apparatus according to claim 
4 or claim 5, wherein a moving direction of the mov- 
ing table is variable. 

1 1 . A laser illumination method comprising the steps of: 



causing a laser beam to pass through an optica! 
system comprising: 

an optical lens for dividing the laser beam into 

N(n'-1) beams in a vertical direction; 

a cylindrical lens group for dividing the laser 

beam into (2n+1 ) or (2n) beams in a horizontal 

direction; 

(n'-1) cylindrical lenses for recombining the 
beams that are divided in the horizontal direc- 
tion while superimposing the divided beams so 
that they are deviated from each other by d/(n'- 
1) in the horizontal direction; and 
a cylindrical lens for recombining the beams 
that are divided in the vertical direction; and 
illuminating an illumination surface with the la- 
ser beam that is output from the optical system, 
wherein d is defined as an interval of peaks of 
an interference fringe that is formed on the illu- 
mination surface by a beam that has passed 
through one of the (n'-l) cylindrical lenses and 
wherein N is a natural number, n is an integer 
that is greater than or equal to 3, and n' is an 
integer that satisfies 3 £ n* < n. 

12. A laser illumination method comprising the steps of: 

causing a laser beam to pass through an optical 
system comprising: 

an optical lens for dividing the laser beam into 

N(n-1) beams in a vertical direction; 

a cylindrical lens group for dividing the laser 

beam into (2n+1 ) or (2n) beams in a horizontal 

direction; 

(n-1) cylindrical lenses for recombining the 
beams that are divided in the horizontal direc- 
tion while superimposing the divided beams so 
that they are deviated from each other by d/(n- 
1) in the horizontal direction; and 
a cylindrical lens for recombining the beams 
that are divided in the vertical direction; and 
illuminating an illumination surface with the la- 
ser beam that is output from the optical system, 
wherein d is defined as an interval of peaks of 
an interference fringe that is formed on the illu- 
mination surface by a beam that has passed 
through one of the (n-1 ) cylindrical lenses and 
wherein N is a natural number, n is an integer 
that is greater than or equal to 3, and n' is an 
integer that satisfies 3 <> n' ^ n. 

1 3. The laser illumination method according to claim 1 1 
or claim 12, wherein on the illumination surface the 
laser beam is a linear beam having a longer axis in 
the horizontal direction. 

14. The laser illumination method according to claim 11 
or claim 12, wherein the laser beam is applied to a 
semiconductor film. 
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1 5. The laser illumination method according to claim 1 1 , 
wherein d is approximately expressed by d = ?.f/L, 
whore X is a wavelength of the laser beam, f is a 
focal length of the (n'-1 ) cylindrical lenses, and L is 

a width of each constituent lens of the cylindrical s 
lens group. 

16. The laser illumination method according to claim 
1 2, wherein d is approximately expressed by d = W 

L, where X Is a wavelength of the laser beam, f is a 10 
focal length of the (n-1) cylindrical tenses, and L is 
a width of each constituent lens of the cylindrical 
lens group. 

17. A semiconductor device manufactured by using a is 
semiconductor film that has been formed by laser 
annealing that uses a laser beam produced by the 
beam homogenizer according to claim 1 . 

18. A semiconductor device manufactured by using a 20 
semiconductor film that has been formed by laser 
annealing that uses a laser beam produced by the 
beam homogenizer according to claim 2. 

19. A beam homogenizer comprising: 25 

means for dividing a light beam into a plurality 
of light components; 

means for translating the light components by 
predetermined amounts; and 30 
means for combining the translated light com- 
ponents such as to enable a substantially ho- 
mogenized distribution of light intensity to be 
produced in a plane. 

35 

20. A method of manufacturing a crystalline film by 
crystallisation of an amorphous or semi-amorphous 
film, said method incorporating the use of a beam 
homogenizer as claimed in any of claims 1 to 10, or 
claims 17 to 19. *<> 
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Fig. 5 
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Fig. 8B 1206 
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Fig. 10 
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